) and a specific is largely due to an increase in the off-rate of the peptide-TCR. Using both an improved direct binding method MHC complex from the TCR. This suggests that the as well as a novel inhibition assay, we show that the stability of the ternary complex between TCR and a affinities of three different antagonist peptide-E k comgiven peptide-MHC is a major determinant of T cell plexes are ‫05-01ف‬ times lower than that of the wildresponsiveness. type MCC-E k complex for the TCR, largely due to an increased off-rate. These results suggest that the biological effects of peptide antagonists and partial agoResults nists may be largely based on kinetic parameters.
cating that the observed differences in their ability to Jameson and Bevan, 1995; Sloan-Lancaster and Allen, elicit T cell responses are due to alterations solely in 1996). the interactions between the TCR and peptide-MHC The differences in signaling through the T cell antigen complex. receptor (TCR) by a major histocompatibility complex
The question of how these antagonist peptide-MHC (MHC) molecule complexed with agonist versus antagocomplexes interact with the 2B4 TCR was then adnist peptides could be of a qualitative or a quantitative dressed in two different ways: by direct measurements nature. In the former category, it has been suggested of peptide-MHC binding to immobilized TCR and by a that differences in TCR conformation induced by a pepnewly developed competitive binding assay. tide-MHC complex could determine an agonist or antagonist response (Yoon et al., 1994) resulted in no detectable signal. Reasoning that a subepitope in the cysteine-coupled TCR. One other difference between the two systems was that the concentrastantial amount of TCR was being inactivated by the NHS/EDC coupling of free amine groups, we decided tions of MCC-E k used in experiments with cysteinecoupled TCR in general were lower than those used with to attempt an oriented coupling of the 2B4 TCR through the exposed thiol in the constant region of the ␤ chain amine-coupled TCR (Matsui et al., 1994) , because of the increased sensitivity. We noted that on-rates decreased (Bentley et al., 1995). This should allow a much larger percentage of the surface to be accessible for binding slightly as concentrations of peptide-MHC were increased in the dose reponse (Figure 2A) , and thus the by peptide-MHC.
Immobilizing the TCR in this way resulted in approxiobserved K D value may be dependent upon the concentration of peptide-MHC in solution during binding. The mately a 2-to 4-fold increase in signal compared with the amine-coupling method when similar concentrations observation that immobilization chemistry can alter the kinetics has also been observed in other systems, such of MCC-E k were injected over the surfaces. Clear binding was also detectable at much lower concentrations as in MHC class I binding to immobilized peptides (Khilko et al., 1993) . of MCC-E k as is seen in the dose response of Figure  2A in comparison to that of Matsui et al. (1994) . Fitting
Binding to the cysteine-coupled TCR was highly specific, as K99A-E k (a null peptide-MHC complex which of the association phase ( Figure 2B ) and dissociation phase ( Figure 2C ) using the nonlinear fitting routines in is neither an agonist nor an antagonist) elicited no detectable signal ( Figure 3A ) at a concentration similar to BIAEvaluation 2.1 (Pharmacia Biosensor) gives equilibrium dissociation constant (KD) values that are somethat of MCC-E k used in the dose response. We also tested the weak agonist T102S-E k ( Figure 3A ) and found what lower than those reported previously (Matsui et al., 1994) . The major source of the difference in affinity that while the on-rate of binding to 2B4 TCR ( Figure 3B ) is almost identical to that of MCC-E k , the off-rate (Figure (from 90 M to around 40 M) between amine-coupled and cysteine-coupled TCR is the on-rate, which changes 3C) is about 6-fold faster, consistent with previous observations (Matsui et al., 1994 Figure 4A ) and T102G-E k ( Figure 4B ) were tested for binding to the TCR surface at varying concenThe dissociation rate was first estimated by fitting the dissociation phase of the binding curve to a single trations, using the null peptide (K99A-E k ) complex as a control. These two antagonist-E k complexes consisexponential. This gives an off-rate in the range of 1.0-3.0 s Ϫ1 for K99R-E k and T102G-E k at flow rates of 15 or 30 tently showed higher levels of signal at equilibrium in comparison to K99A-E k , indicative of specific binding l/min, but the absolute accuracy of these numbers is questionable, as there is always a time at the beginning with rapid kinetics. Taking the difference between the null peptide K99A-E k signal (arising from nonspecific of the dissociation phase when the flowcell is not completely exchanged into running buffer. This time is dichanges in refractive index upon injection of protein) and that of the antagonist peptide-E k complexes allowed us rectly proportional to the flow rate. Therefore, to improve the accuracy of these measurements, we used the techto calculate the amount bound at equilibrium. Table 2 ). The close agreement between these values and those equivalent to the dissociation time at infinite flow rate. Only the first 1-4 s of the dissociation curve were fit to determined earlier provides further evidence for the validity of this equilibrium method. As an additional control a single exponential to calculate the dissociation time (which is equivalent to the inverse of the k off ) using BIAEdissociation rate or some combination of the two. In this case, however, it is most likely due to a much faster offvaluation 2.1 (Pharmacia Biosensor) for either bovine serum albumin (BSA), K99R-E k , or T102G-E k (fitting not rate, for the following reasons. First, as seen in Figure 4D ). By comparison BSA exhibited a koff value of 7.5 Ϯ 0.9 s Ϫ1 . The association rate constant (kon) is this argument, the lack of binding is unlikely to be due to a slowing of the on-rate. Second, if the off-rate was difficult to measure directly due to the rapid dissociation, but as kon ϭ (koff / KD), we can estimate this as 9600 the same or slower than the other two antagonists, we should have detected at least some specific dissociation M Ϫ1 s Ϫ1 for K99R and 3400 M Ϫ1 s Ϫ1 for T102G, respectively (Table 2) . from the TCR. Because we cannot detect this even at the higher concentrations and the affinity of K99Q-E k The K99Q-E k complex showed no interaction with the 2B4 TCR above the level of the null complex K99A-E k , differs from T102G-E k by a factor of only 2 (see below, Table 3 ) the dissociation rate is probably even faster even at concentrations as high as 18.5 mg/ml. Formally, this could be due to a slower association rate or a faster than that of K99R-E k and T102G-E k (> 5.1 s Ϫ1 ). The inhibition curves in Figure 5 were fit to a single exponential equation of the form: percent inhibition ϭ c0 ϩ c1 * exp (Ϫc2*(concentration peptide-MHC). Estimates of the error in the competitive binding experiment may be made from the standard error in the fitting parameters c0, c1, c2. The K D values were calculated from the observed IC50 as described in Experimental Procedures. The KD value for T102G-E k shows a range of possible values, dependent upon whether its inhibition curve was extrapolated to 65% or 100%.
the null peptide K99A complexed with E k ( Figure 5D ) experiments, where applicable. The ability to measure a K D value for K99Q-E k shows that this competition and empty E k molecules (data not shown) exhibited no inhibition. The degree of inhibition depended on the method can significantly extend the range of the BIAcore (Pharmacia Biosensor) instrument beyond the direct concentration of competitor peptide-E k complex, with 50% inhibition (IC50) values estimated from the fit of the binding method, where this complex showed no detectable binding. curves in Figure 5E (see Experimental Procedures). As shown in Table 3 , these measurements yield equilibrium dissociation constants of 330 m for T102S, 330 mM Discussion for K99R, 880-1200 M for T102G (which seems to aggregate at lower concentrations than any of the other Thus, as summarized in Tables 1, 2, 
mg/ml in (D). (E) The percentage inhibition is plotted against the concentration of inhibitor to obtain an IC 50 value for MCC (open squares), T102S (closed triangles), K99R (open circles), T102G (closed diamonds), and K99Q (open inverted triangles).K99A/E
k is shown (closed squares) as a negative control. An exponential fit to the data is shown (thin line) for each peptide, and for T102G this fit was extrapolated to 65% inhibition from early data points (broken line).
Experimental Procedures
off-rates than antagonist complexes. In this subline of the 2B4 hybridoma, the CD4 coreceptor is not present 
